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Starting with the physics of tunneling transport through a molecule, we describe the principles underlying
electrical amplification effects of agg molecule. We discuss in detail the consequences of intramolecular
electronic-level repulsion, an effect induced by compression of the molecule, which leads to an exponential
variation of the current for a minute compression of the molecule. This detailed understanding underpins the
Cso amplifier. Using a planar configuration and an independent electromechanical grid, a transistor effect
results from this repulsion effedtS0163-182¢08)07448-1

[. INTRODUCTION the vacuum tunnel barrier was recently proposed by McCord,
Dans, and Pease to achieve a transistor effect with a large
An electrical amplifier, which in its present form uses gain® In vacuum, the spreading of the wave functions out-
only one G, molecule as its basic element, has been deside of the electrodes ensures a through-space electronic cou-
scribed briefly in Ref. 1 and some of its technological con-Pling between these electrodes, and supports a tunneling cur-
sequences in Ref. 2. We present here details of the basf€nt intensity writte
physics underlying this nanoscale amplifier. This serves as

the basis for going beyond these findings to produce a tran- l4=1o(Vp)e 270k, (6N
sistor effect, which results from using the same principle and
a third, independent electrode. where ygl is the inverse tunneling damping length through

A schematic diagram of our proposed molecular transistothe vacuum §,~1 A~* for noble-metal electrod&s There-
is shown in Fig. 1. Two point nanocontacts, analogous to théore modulation of this barrier can, in principle, be achieved
tips used in scanning tunneling microscai®TM), are posi-  through actuation by changing eithky, vy, or L using a
tioned in close nanoproximity=1—10 nm) to one side of third electrode.
the molecule. One of the electrodes, the source, is connected At small L (L<0.5 nm), the value ofy, is small com-
to ground and the othdthe drain to the bias voltag/, via  pared to 1 A'* owing to the collapse of the tunnel barrfer.
the load. A very small electromechanical actudtbe grio ~ Consequently, no gain can be reasonably expected by modu-
is prepositioned at a van der Waals distance to the other side
of the molecule(Fig. 1). The input signaVy on the electro-
mechanical element producésy compressiona change in Gate
the intramolecular conformation of the molecule. The trans- \Z
resistance of the source-molecule-drain junction is modified Signal
by this compression and, as a consequence, so is the drain-
source effective tunnel barrier height This was the origi-
nal transistor effect we proposed based on the fact¢hiat
modzulated by a third electrode, thg of which is lower than
V.
In solid-state transistors, electric fields are commonly
used to control channel transresistantéd. the molecular
scale, it is not yet clear how or whether an electric field can
play an equivalent role because of the high-field strength
required to polarize a molecule significantly. More impor-
tantly, the required field strength is incompatible with the g1 1. Schematic of an electromechanical single-molecule tran-
structural stability of source and drain nanocontacts. Theresistor. The grid consists of a small piezoelectric crystal compressing
fore, to show that a gain can be obtained with a nanoscalge molecule held between the source and drain electrodes. The grid
device, an electromechanical grid based on an electromeignalV, is applied over a setup grid voltage necessary to preposi-
chanical device, originally piezoelectric in nature, was uUsed.tion the piezo near the molecule. The output signal is measured
In a simple metal-vacuum-metal junction, modulation ofacross the loa®, , with V,, the bias voltage of the device.
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lating L, and even the associated metal-adhesion problemgsing a single g molecule in compression. New opportuni-
do not allow multiple cycling of the device. Nevertheless, anties and future directions for further development are stated
atomic relay was experimentally realized by Smith using thdan the conclusion.

propensity of metallic tunnel barriers to collapse at srhall
thereby opening quantized ballistic channels between the
metallic electrode$.

AtlargeL, o can be maintained at stable values, and a A molecule positioned between the source and the drain
change ol by 1 A results in a typical increase of one order a5 in Fig. 1 is certainly better than vacuum for closing an
of magnitude inlq. Under these circumstances, modulatinge|ectrical circuit. This was clearly demonstrated experimen-
L by a gate voltag®/, (Ref. 4 produces a transconductance ta|ly by comparing the current intensityneasured using a
g of the device of standard amperemejebetween a vacuum tunnel junction

and the same junction “short circuited” by a molecdle.
dl dL(V,) Even saturated molecules such as alkane chains are several
d g . . K
9=gqv.~ 2yl TV (2)  orders of magnitude better than vacuum for a given interelec-
9 9 trode separatiol’

The tunnel process through a molecule arises from the
This was estimated to lead to g/l ratio as large as electronic interactions between the molecule, the source, and
200 V-1, which is one order of magnitude higher than that ofthe drain electrodes in what is a strongly coupled system.
a bipolar transistot. The working current of this device is The net consequence of those interactions is an extension of
nevertheless in the nanoampere range and not in the millthe metal electronic wave functions outside the metal along
ampere range as is typical for bipolar devices. the molecule compared to their rapid falloff in vacuum. This

One solution proposed to circumvent this problem is toextension has recently been measured by scanning an STM
increase the section of the metallic electrotidhis clearly  tip along the molecular axis of a designer molecular wire
defeats the ultimate objective of fabricating a nanoscale tranconnected on one side to a step edfge.
sistor, and thereby fundamentally represents a bad scaling In a molecule, the opening of alternate tunnel channels
law. Another solution we pioneered is to introduce someresults from the overlap of the metal wave functions spread-
kind of material into the tunneling junction, such as atoms ofing through the molecule. Both drain and source contribute
molecules. As measured experiment&ify) ,(V,) at con-  to the extension of the metallic wave functions. Their signifi-
stantV,, in Eqg. (1) generally increases in such a situation.cance can be appreciated from the resultant broadening of
Fundamentally, this occurs because the overlap of the met#he molecular levels involvetf. This is much larger than in
wave functions in the tunnel barrier is better if the barriertheir free stat¥ (gas phase It is measured by the exponen-
contains atoms. Compared to atoms, molecules are préial decrease of the current intensity along the length of the
defined building blocks that are capable of attaining the exaatolecular wire when connected to only one electrbdim
dimensions of a tunnel barrier and can be engineered to pothis case, an exponential dependehge | yexp(—2yx) pre-
sess a large number of internal degrees of freedom. Thereails, where the inverse decay lengthis related to ¢
fore a molecule can be selected not only for its actiod @n through the relationp=4+2, with ¢ in eV andy in A1,

IIl. TUNNEL TRANSPORT IN A MOLECULE

but also as the active channel for a transistor. This yields a moleculag consistently lower than that for the
One effect we have recently explored experimentally isequivalent vacuum gafd.
the near doubling of the apparent value éfby tunneling Under resonance conditions with predefined molecular

through a compressedigmolecule’ A voltage amplification  levels, the overlap of the tails of the metal wave function and
effect results by modulating. in the range of optimized the molecule results in further delocalization. This occurs at
compression of the & cage® This effect is discussed here in certain energies. The resulting process, however, is rather
a more detailed manner in terms of an intramolecular levelunstable owing to the low density of levels in a molecule
repulsion phenomenon. Furthermore, we extend this concepgbmpared to a solid-state sampé¥en a mesoscopic onén
to improve the effect by keeping and V, constant and contrast, within the HOMO-LUMO energy gap many tun-
compressing the cage directly using a third electods.  nel channels can effectively contribute to the formation of a
will be demonstrated, a level-repulsion phenomenon alsdrain-to-source tunnel path via the molecule. These channels
takes place in this case and is used to conitgoindepen-  arise not only from the HOMO and LUMO levels but also
dently of the source and drain electrodes as proposed in Fifrom other molecular levels the widths of which are signifi-
1. We also show that the transistor effect is not only specificantly enlarged such that they span the HOMO-LUMO
to Cgo but to molecules in general with degenerated highestgap? The superposition of these new tunnel channels may
occupied and lowest-unoccupied molecular orbit#DMO-  not always result in a constructive phenomenon. Differences
LUMO) manifolds. in symmetry between the molecular orbitals involved can
Conceptionally the action of a single molecule as a tranalso result in a destructive interference, itself an interesting
sistor requires a deeper insight into the nature of the curremghysical phenomenon usable in nanoelectronics. The effi-
flowing from the drain to the source via the molecule. This isciency of tunnel-channel superposition can be evaluated in a
provided in Sec. II. Inducing changes in the electronic transsimilar manner as ballistic channels in mesoscopic phifsics
parency of this molecule is discussed in Sec. Ill, and therby the transparency(E) of the tunnel path. This is a nor-
applied in Sec. IV to a dimer of benzene molecules angp@a C malized average of all the transmission coefficients of the
molecule. Details of the molecular level shifts involved aremetallic electron Bloch waves scattered by the drain-
provided. The transistor effect is presented in Sec. V, agaimolecule-source double junctidh.A resulting T(E) spec-
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trum is calculated by constructing a scattering mafrand @)
estimated experimentally by measuring the macroscopic re- h-h fo p h-h
sistance of the drain-molecule-source double junction using BN A
the Bittiker-Landauer formuld® In this schemeT(E) de-

pends on the energy of the incident electron and on the HOMO Ef LUMO
source-drain voltag¥ ys across the molecule.

At V4s=0, the molecular levels are normally occupied up
to the HOMO closest to the Fermi levELk of the nanocon-
tact. The density of states between this level &gpds non-
zero owing to a broadening of the molecular level width. For
the molecules considered here, a significant electron density
is available aEr in the molecule for transporting tunneling
electrons'® This supplementary electron density is facilitated
by the spreading of the metallic electron wave functions
through the molecule itself. Importantly, at small HOM&
LUMO) separations fronkEg, holes(electron$ can be ther- E
mally activated onto a corresponding molecular level. Sup-
ported only by discrete levels, this thermal current is ex-
tremely sensitive to voltage fluctuations, molecular
conformations, and adsorption configurations. For nanoelec-
tronically dense fabrication, these usually represent undes-
ired effects. However, in the molecular devices discussed
here, they can readily be suppressed by engineering a suffi-
ciently large HOMO-LUMO gap with respect toT to cir-
cumvent such electron-phonon coupling.

The drain-current intensityy depends on the molecular
length, chemical composition, and—very crucially—on the
conformation(shapé of the molecule that forms the active
“molecular” channel between source and drain. In the ener-
getic windoweVy<y, the I4(V49 characteristics of such FIG. 2. Variation of the transparendyE) and the local density
junctions are theoretically predicted and experimentally veri©f states LDOSE) as a function of the incident energy of the elec-
fied to be linear because the energy of the tunneling electrofions scattered elastically by a two-l_evel sy_stem with a separation of
is within the HOMO and LUMO resonances. This is a mo-X~1-5 V. Here the contact Fermi level is Bt =5 eV, and the
lecular equivalent to the “Simmons” condition for metal- electronic coupling between the two-level system and the 1D elec-

vacuum-metal tunnel junctioté it is required for establish- F0des is#=0.2 eV, with a resonance integrak=2 eV along the
ing tunneling transport through “molecular” channéls. chain representing the 1D electrodé®.Tight-binding presentation

. of the calculated systenth) T(E) spectrum. The Lorentzian dashed
Here the electrons are transferred one at a time. The tranﬁfl'es are from the same spectrum, but with only the HOMO or the

t!me through such a molecular chann_el is shorter than thEUMO level activated.(c) LDOS(E) spectrum with the occupied
time t=e/l4 between two electrons delivered by the source-g ioc indicated.
to-junction channel® This transport mechanism will remain
elastic as long as the transit time remains shorter than the 1 _
characteristic intramolecular relaxation time. Inelastic chanmolecule=* The transparency (E) and the change in local
nels develop only when the molecule is sufficiently long fordensity of states LDOE) introduced by the two channels
the transit time to approach the relaxation time. This basi@re presented in Fig. 2 and calculated using a standard tight-
limit can be understood in terms of the trangitnneling binding representatioff.In a first step, the spatial propagator
time through a molecular channel, which is proportional to2x2 matrix along this 1D chain was calculated. In a second
exp(+2L), whereL is the length of the chann&l.An opti-  step, the X2 scattering matrix was obtained(E) is the
mum choice of the molecular length therefore permits themodulus of the first element of this matrix and LDOS the
elastic tunneling transport regime to be the dominant conderivative of its argumerff
duction mechanism. The values used for the “electrode-molecule” electronic
Basic design rules to establish the tunnel path through goupling 8 and for y in Fig. 2 are characteristic of a low
molecule can be developed by modeling the molecule as twdlOMO-LUMO gap conjugated molecular wire. A, the
principal molecular levels involved in the tunneling process:transparency of the tunnel path resulting from the construc-
Its HOMO and LUMO levels are then allowed to interact tive superposition of the HOMO and LUMO tunnel channels
with two one-dimensional(1D) electrodes representing is approximately 102, which leads to a resistance of 1(M
source and drain nanocontacts. For example, if the HOMO ighis is a typical value for a short, conjugated molecule (
symmetrically and the LUMO antisymmetrically coupled to =1 nm) with a decay lengtly ! not yet stabilized and rep-
the electrodes, each level opens a tunnel chaffrigl 2). resentative of an optimally chemisorbed molecular contact
Their superposition in the HOMO-LUMO energy range will on source and drain.
be constructive due to the symmetry chosen in this case. This Here the LDOS indicates a moderate enlargement of the
situation features the tunnel-path formation in a reaHOMO and LUMO level width toward€g. The I 4(Vg9

log (T (E))

LDOS (E)
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Vs of B=0.2 eV. This transparency is calculated from the low-voltage

o Landauer formula giving the conductanicg Vs of the junction as
FIG. 3. The calculatedy(V49 characteristic of the two-level . f,nction of x.

system in Fig. 29), revealing the linear-law voltage part f&fyg
<y and a stepped structure when the bias voltdge> x. 14(Vgy9
was calculated taking an effective electric-field level shift of\04
into accouniRef. 21 to show the multiple steps that appear even if
there is no Coulomb blockade and only two levels in the system.

linear | 4(Vy4) characteristic is maintained by operating in a
pure quantum regime.

Ill. ACTING ON THE MOLECULAR CHANNEL

characteristic presented in Fig. 3 is linear fdfyd <0.5 V. TRANSPARENCY

For large values oW, 14 was calculated by integrating  The transparency of a molecular channel depends on the
T(E) over the difference of the Fermi distributions of sourcespreading of the metal wave function over the molecule em-
and drain electrodes, shifted By/ys relative to each other, at pedded in the source-molecule-drain junction. Retraction or
T=300 K, and assuming a 1D density of states in thosextension of the metallic wave function from the molecule at
electrodes. For low values &fys, this leads to the standard poth sides(source and drainwill reduce or increase the
linear approximation 4= (e? 7#) T(Eg) Vg Used in the fol-  tunneling-current intensity, respectively. We foresee that
lowing even for a multichannel calculation Gi(E). The these effects can be utilized to create an intramolecular valve
stepped structure is the signature ey as it reaches the action. Conceptionally, this may also exist between subcom-
HOMO (or LUMO) level. With increasing energy, the ap- ponents of a single molecule, independent of the metallic
pearance of a 1-eV gap aroulgs=0 is actually the result electrodes, but this is more challenging to put into operation
of an enlargement of the molecular levels introducedBoy at present.
becausey=1.5 eV in the calculation. The change in the spreading of a wave function along a
The transit time through this simple but illustrative mo- molecule’s length has been the subject of much research.
lecular structure can now be estimated by calculating theéntramolecular through-bond electron transfer experinténts
electron transfer rate of a four-level system comprising amave provided insight into how intramolecular conformation
input and an output state with two intermediate HOMO andchange%' or chemical modificatiorfS can practically pre-
LUMO levels. This transfer rate can be expressedvas clude electronic communication from one end of a molecule
=xh 1J1+48%x~2, which yields a transit time of to the other. For instance, the HOM®Or LUMO) molecular
10716522 To put this value into perspective, the averagelevels are shifted by such intramolecular transformatfns.
time interval between two electrons delivered by the sourc&he resulting changes in the rate of intramolecular electron
to this four-level system can be estimated from the Landauetransfer are direct proof that sufficient degrees of freedom
formula, | 4= (€?/74) T(Eg)Vgs, to yield a duration of/l 4 are available in a molecule for the coherent control of the
~10 s, electron-transfer process. Sequential electron transfer
The clear implication for a short molecular channel with athrough a molecule under the VRT transport regime implies
1.5-eV HOMO-LUMO gap, characterized by a reasonablethat intramolecular modifications determine the transparency
102 transparency, is that the transport regime in the channeif the intramolecular channels.
occurs by tunneling with an average of one electron transit- In our fundamental modéFig. 2) of a molecular channel,
ing the tunnel path per unit of time. With respect to Coulombany reduction ofy increases the transparency of the channel
blockade effects, our calculations show that, in this transporas it increases the through-bond electron-transfer’fafae
regime, the electrons do not charge the molecule. In the linky(Vy49) characteristics of such channels remain linear for
ear “molecular-Simmons’l -V regime of a double junction, Vy<yx. Their slope follows variations iry. However, the
the molecule is, in principle, only virtually occupied by the conversion betweeg and transparency amounts to only one
transiting electrons. This is a general consequence of virtuarder of magnitude per 1 eV reduction pfsee Fig. 4. Here
resonance tunneling/RT) where the transit time is very we note that reducing does not change the width of the
short. The Coulomb blockade effect is thereby avoided and &vel supporting the tunneling current but only its relative
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_ FIG. 5. Variation of the transparency of the two-level systemin - g1 6. (g) Variation of the transparency of the four-level sys-
Fig. 2 as a function of its electronic coupling to the 1D electrodesiey shown in the inset as a function of the intramanifold electronic
for a fixed y=1.5-eV HOMO-LUMO gap. The transparency has ¢qplinga for 8=0.2 eV ands=0.3 eV. For 0.3 «<0.7 eV, this
been calculated in the same way as in Fig. 4. transparency is almost exponentialdnas indicated by the dashed

line. This is a particular property of the effective electronic cou-
position. Furthermore, a reversible change of the HOMO-ling through this four-level systerfb) Same variation as i) but
LUMO separation by 1 eV is difficult to achieve without as a function of the HOMO-LUMO gap’ controlled by« with
actually modifying the chemical structure of the channel.x’<x for «#0.
Such a change appears unrealistic for the grid of a single
molecular transistor. A far better conversion is obtained by Tunneling through a four-level system with#0 anda
considering theB term instead of the term in Fig. 4, as  #0 is equivalent to tunneling through a nondegenerate, un-
presented in Fig. 5. Unfortunately, this is not an intrachannetoupled four-level system obtained by diagonalizing the
effect, as is the effect, but rather depends on the manner informer. The equivalent system has a HOMO-LUMO separa-
which the molecule is chemically docked to the source andion x’, which is a function ofa and 6. The effective elec-
the drain. tronic coupling between this four-level system and the nano-
The key point of the amplifier and transistor device dis-contacts is also a function ot and 8. With the channel
cussed here, namely, level-repulsion phenomena, can now Is&ucture, Fig. 6, we have consolidated both gheariation
introduced. The closure of the HOMO-LUMO gap is presented in Fig. 4 with thg variation presented in Fig. 5.
achieved indirectly. By changing the electronic coupling in-Overall the modeling indicates that optimum operation re-
side the HOMO and the LUMO manifolds themselves, keyquires predefined intramolecular electronic structures for the
features of a single molecular amplifier can be obtained. Thisespective channels. These are quite distinct from those pro-
requires the channel to have a more complex intramoleculaposed for molecular wiréé and differ from simple combi-
structure than a two-level system because the dimension dfations of molecular nodes usually proposed in the literature
the manifolds must be greater than unity for a repulsion tdor obtaining a transistor effect in a molecular circuit.
occur. The simple tight-binding model used here demonstrates
Consider a molecular tunnel path having four levels: twothat a large transparency variation of a molecular tunnel path
degenerated HOMO’s and two degenerated LUMO’s. Incan be obtained with a small perturbation of its intramolecu-
each manifold, molecular levels are symmetrically and antilar electronic structure. Four channels appear to represent the
symmetrically coupled to the nanocontacts as represented minimum number of levels required in the path to attain such
Fig. 6. In the absence of additional coupling, it can be showr& sensitivity.
that the transparency of this four-level system is uniformly In the schematic in Fig. 1, the molecule is gated by a third
zero over the entire energy range. This results from the reelectrode, independent of the source-drain distancéc-
ciprocal annulation of the effective coupling between thecording to the results presented in Figa)g there is a range
various tunnel channels opened by those four levels. Thef « in which 14 grows exponentially upon a linear variation
introduction of a small HOMO-LUMO intermanifold elec- in @ with B8 kept constant, i.e., with fixed. In this range, the
tronic coupling & restores the nonzero transparency of thecurrent can be written in a first approximation from its trans-
tunnel path. More importantly, fof+0 the introduction of parency|see Fig. )] as
even a minute intramanifold electronic coupling,results in
a very large transparency change. Figure 6 demonstrates, for lg=io(Vp)e<* Vo), ©)]
instance, a change of more than two orders of magnitude for
an input variation of less than 0.3 eV in The explanation wherei is a prefactor depending dn, vy, and on the way
of the high sensitivity presented by the transparency is¢hat the molecule is chemically bound to the electrodes. The ac-
introduces a strong intramanifold level repulsion resultingtive part of the channel is no longer controlled faybecause
from the initial degeneracy of the levels in each manifold. ItL is constant. There is still an exponential teem?”o" in
is amplified by a zero of transparency far=6/2. Such a iy(V,) because iL is changedl 4 must change too. But this
repulsive effect constitutes the physical background for opis an interface factor indicating how the metal wave func-
eration of the G, amplifier. tions match those of the molecule. Using E8), we find
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log (T(E))

log (T(E))

FIG. 7. Schematic of the tunnel-junction configuration having
two face-to-face benzene molecules to reproduce a simple level-

repulsion effect. The tunnel-current intensity through this junction 6 | -
was calculated using the STM-ESQC technidRef. 27. 7L (b) |
| 1 1 1 1
that the gain of such a device relies on the slope '&_315-5 135 115 -95 <75 -55
kda(Vg)/dVy, wherek is characteristic of the molecule E (eV)
used. As will be demonstrated below, the real difficulty we
solved was to find a way withk= (L) andL =L (V) to act -1 T T py—
on the intramanifold-repulsion parameter using a third (©) T*-LUMO
electrode"® 2l g 28 |
= F s
IV. LEVEL REPULSION DURING C ¢, COMPRESSION E 3
g "~~.:"§a.52 48 844

The proposed four-level repulsion effect exists even

L | . . - E@V)
within simple molecules. Let us first consider two benzene

molecules, each adsorbed on a flat surface as presented in il N N ]
Fig. 7. As a working example, it provides a useful system to

use efficiently our elastic scattering quantum chemistry 5 L -
(ESQQ techniqué’ to calculate the conductance of a metal- 88 86 -84 82 8 78
benzene benzene-metal double tunnel junction. The HOMO E(eV)

and LUMO manifolds of two face-to-face noninteracting
benzenes_ are each of dlmenS|on 4 Tw(symmetrlcal and Fig. 7 having two benzene-molecules for a benzene-benzene dis-
two 7r antisymmetrical _orbltals per manlfold are coup'led 10 nce ofa 5 and(b) 3 A. (¢) Closeup of the spectrum i@ around
the electrode electronic Ieve_ls. This r_epresents twice th?ne LUMO manifold where the fourr* -level resonances are clearly
channels necessary to achieve an intramolecular levelgipie, Each level defines a tunnel channel with its own resonance
repulsion effect. Through-spagand« electronic couplings  width depending on the corresponding molecular orbital electronic
are very small at large distances such that the junction trangoupling with the metal surface. Each Lorentziah resonance is
parency with the dimer is zero when the HOMO-LUMO gap indicated by a dashed line.
becomes constant.

The benzene-electrode coupling is defined by a benzene- The T(E) spectra forz=5 and 3 A are presented in Fig.
to-surface distance of 2.3 A. Although this is large compared. For example, at=5 A, the LUMO manifold as shown in
to standard chemisorption distances, the repulsion effect wilFig. 8(c) displays four structures, corresponding to the faur
soon become apparent inT4E) spectrum. The mechanical LUMO levels. At z=5 A, each benzene is a shag.3 A)
compression effect is modeled by progressively reducing theistance from its own surface. However, they are both 7.3 A
interbenzene distance in the dimer, maintaining each apart, hence they are not in resonance. The tunnel barriers
benzene-to-surface distance constant. As the distance dexhibit asymmetry, which constrains the maximum of the
creases, the intermanifolds and intramanifold’s electronidransparency to remain below unity. The remaining features
coupling increase. Below=23.4 A, the energy of the dimer are readily identified as deeper occupied and higher unoccu-
is observed to increase considerably, illustrating that an expied o and = molecular orbitals of the benzene dimer. At
ternal force must be applied to the electrodes to maintain the=3 A, level repulsion occurs: two levels move up and two
dimer at the set distance. Contrary to the tight-binding systevels move down in each manifold, as we intuitively ex-
tem in Fig. 6 whered and« can be chosen independently, on pected. In this case, the HOMO-LUMO separation is reduced
a real molecule the two interactions are intimately associby 0.6 eV. The consequence of this mechanoelectronic effect
ated, wheres and « change in conjunction. is an increase of electronic transparency of almost four or-

FIG. 8. TheT(E) spectrum for the tunnel junction presented in
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FIG. 9. Variation of the transparency of the dimer benzene junc-
tion shown in Fig. 7 as a function of its HOMO-LUMO gap. This
curve compares well with that in Fig(l in the y<1.1 eV range, FIG. 10. Examples ofl) a benzene dimer in a parallel configu-
before the zero in transparency. Inset: schematic of the level-

; . ration calculated from the junction in Fig. @) a cyclophane mol-
;z%l:!:d'on effect. Only the HOMO and LUMO manifolds are repre- ecule(Ref. 28, (3) with the phenyls maintained face-to-face by the

other two lateral onegRef. 28, and(4) an element of a picotube
(Ref. 29.
ders of magnitude. This provides a very satisfactory perfor-
mance of two orders of magnitude change in current pesurface distance. The conductance of the “metal electrode-
angstrom of compression. To confirm the level-repulsion eftip apex-G,metal surface-metal electrode” tunnel junction
fect, we have plotted in Fig. 9 the transparency of the dimewas then calculated using the ESQC technique for each con-
as a function of the HOMO-LUMO separation estimatedformation, the entire valence structure of thg, @olecule
from the calculatedT(E) spectrum. This curve is almost being taken into accourtDetails of the transparency spec-
identical to the one presented in Fig. 6, except that the zergum are given in Fig. 11 fromm=13.85 to 11.35 A. A level-
of transparency is pushed towards the natural HOMOrepulsion effect clearly occurs when the,&age is com-
LUMO gap of the molecule. As previously stated, this lendspressed by the tip apex as shown in Fig. 12 by plotting the
support to our argument that, in a real molecdl@nda are  Cg, transparency as a function of the HOMO-LUMO sepa-
inseparably linked. ration. This is confirmed experimentally as thg, Gitramo-

In an STM junction, it has not been demonstrated that tw@ecular mechanics and electronic reorganization due to com-
benzene molecules in parallel orientation—one on the tipression have been obtained by plotting thg(z)
and one on the surface—can yet be realized. TheoreticallgharacteristicS. This experimental result is well reproduced
we have chosen to explore the repulsion effect and its senspy the same calculation scheme that we used to calculate the
tivity, where the two partners of the interaction are chemi-T(E) spectrum(Fig. 11) and the dependence @{Eg) on
cally fixed. Starting from this benzene dimer, there are manyhe Gyo HOMO-LUMO gap (Fig. 12.° The sensitivity of the
further molecules or architectures available that respect simievel-repulsion effect to compression compares well with
lar constraints. As shown in Fig. 10, a cyclophane molecul@hat of the benzene diméFig. 9 and with our simple tight-
(2) maintains two benzene rings at a distance of 3.4 A usingbinding model(Fig. 6).
saturated “connectors.” Conjugated arms such as phenyl Forz>14 A, there is no compression of thgf@age and

componentg3) or even a unit of the recently proposed pi- againl ((2)=1c_ exp—(J¢z) with ¢=42=5 eV as found
L d Ceo 0

cotube moleculé4) also maintain two face-to-face benzenes,ex erimentally’® The I factor is different from the pref-

despite some distortion. To achieve a high degree of trans- P ' Ceo P

parency through these dimers, conjugated connectors appe2ftor in Eq.(1) because a g molecule in the tunnel junction
to be electronically preferable to saturated connectors. FuRrfngs geveral orders of current intensity more than the
thermore, the adsorption conformation of the molecule oryacuum. _

the substrate should ideally favor a planar-to-surface benzene !N the compression range, 10.7<%<12 A, the tunnel-
conformation. Our choice of & having many face-to-face Current intensity at the center of the HOMO-LUMO gap can
phenyl groups, for which the intervening chemical structure?® fitted by the expression

is clearly not saturated, appears well suited in light of the

!

preceding model system. Moreover, its HOMO manifold has lg(2)=lc 2 """ ew?, 4
a dimension of 5 and its LUMO a dimension of 3, an ideal ] i
condition for molecular level repulsion. which can be obtained from the experimeritglz) results or

The variations of the g transparency under compression by using the calculated ESQC détahe role of /¢ in Eq.
are calculated more realistically than with the benzene dimet#) is standard, and has already been discussed in the intro-
One electrode was equipped with a tip apex and the entiréuction. TheK¢ ~term is new. It results from the level-
geometry of the cage was optimized for each tip apex-torepulsion effect. Compressing thg/&age introduces an in-
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FIG. 11. T(E) spectra for a single § molecule compressed by
the STM tip apex. The tip apex-surface distancéals13.85, (b)
13.35, (c) 12.85, (d) 11.85, and(e) 11.35 A. Only the HOMO-
LUMO gap region is represented.
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FIG. 12. Variation of the transparency of thg,@olecule com-

tramixing of the levels in the HOMO and LUMO manifold
(see Fig. 12 Then, their intramanifold degeneracy lifts, fol-
lowed by the Gy HOMO-LUMO gap closure, as shown in
the inset of Fig. 12. This gap change quantitatively controls
the overlap on g, of the evanescent metallic waves emanat-
ing from both the tip apex and the surface electrode. This is
not taken into account by théé exponential term in Eq4),
which characterizes only the through-space penetration depth
of this evanescent regime.

The formala(V,) function introduced in Eq3) is here a
linear K¢, z function of z, with z=z(Vy). For the range
10.7<z<12 A, comparison with experimehtand with cal-
culationy yields ¢+ K, =5-3L AL, ie, K¢,
=3.07 A1 This triggered the search for a molecule with a
better manifold intramixing for a moderate compression of
the molecule.

We have experimented with the transductance of the am-
plifier by directly applyingVy on the z-piezo-tube of an
STM tip.! This indirect gate on the piezotube was the only
means at hand to gate thgq@hannels, and to prove that a
gain can be obtained with a single molecule using its intrin-
sic electronic structure. Using a piezo with a conversion fac-
tor of 1 A/10 mV, the extracted value af¢+ Kcy,r @and a

set distance of 11.7 Athe normalized transconductance of
our amplifier is given by Eq(2) by g/14=531 V1. This
value is more than twice that of a vacuum tunnel junction.
ForVp,=0.2V, I¢_ in Eq.(4) is found to be 7.48 nA in the

experimental | 4(z) characteristicS, confirming the low
working current of a nonresonant tunneling device as dis-
cussed in the Introduction. For a load of®1Q, the gain of
this amplifier with a piezotube gate ggx 10°~4.1

V. ELECTROMECHANICAL SINGLE-MOLECULE
TRANSISTOR

Fabricating the source and drain electrodes on the same
surface of a semiconductor material as the transistor channel
was the key to advance from the first point-contact transistor
to a state-of-the-art integrated circtitThe same planariza-
tion step for the @, amplifier allows the separation of the
grid? as proposed in the schematic in Fig. 1. Furthermore, the
amplification arises here from the level-repulsion effect. This
effect is not solely restricted toggmolecules as shown in
the preceding section. It requires molecules with degenerated
HOMO and LUMO manifolds. Therefore, a planar version of
the G amplifier will also open the number of molecular
systems to those not accessible to compression under an
STM tip apex.

The planar setup of theggamplifier is straightforward to
design’ The “tip-apex-Gg-molecule-surface” junction is
planarized in a “metal-g-metal” nanojunction fabricated
on top of an insulating material. The grid can be mechanical
but also electrical. An electric field applied transversally to
this planar junction will mix the ground and excited molecu-
lar levels of Gg (an equivalent of theS electronic-coupling

pressed by the STM tip as a function of its HOMO-LUMO gap. The term introduced in Sec. )il With an appropriate orientation
latter is calculated as shown in the inset, i.e., by recalculating th®f the field with respect to the molecular axis, the manifold

Cso compressed electronic structure as a function of the tip apexdegeneracy can be liftethe o effec. However, the effect

surface distance. This curve compares well with the one in Fig. 6
for x<1.1 eV and with the benzene-dimer curve in Fig. 9.

of an electric field at present appears to be generally minor at
the molecular level compared to a local microscopic field. As
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FIG. 13. Schematic of the planar version of thg, @mplifier. x(ev)

The electromgchanlgal g“d. IS separ;ted ”0”.” source and drain. The FIG. 14. Variation of the transparency of thg,@olecule in the
tip apex consists of insulating material and is supposed to be sup-

. junction configuration presented in Fig. 13 as a function of the
ported at the end of a cantilevéRefs. 2 and 3B(not shown herg - ) . :
that is equipped with a piezolayer to control its deflection. Theef‘fectlve Ceo HOMO-LUMO gap. This gap changes as a function of

. : the altitude of the grid tip apex. It was calculated after a full opti-
separation between the two metallic pads must be less than 1.5 nm.” . . ! . . R
to allow operation in the nanoampere range. mization of t_h(_a atomic configuration of the Junctlon in Fig. 13. Note
the T(Eg) minimum due to the zero of the transmission effect pre-
sented in Fig. @).
such, it obliges one to work with high-field strengths, which
are generally incompatible with the stability of nanocontactsrepulsion effect. But this effect depends on the horizontal
Mechanical effects are more amenable to nanoscale exFig. 13 and vertical way the current is measured. For ver-
periments because the local forces applied by a tip apex ontical access the junction transparency is zero when the tip is
single adsorbate compete well with the strength of intramofar away from the molecule. For a horizontal configuration
lecular bonds? Therefore, we have chosen a microcantilever(Fig. 13, there is a net residual current in the absence of
positioned on the nanojunction for the grid to compress gencompression because the interelectrode distance is fixed.
tly the G, cage from the top(Fig. 13. This cantilever is Therefore the inter-HOMO-LUMGs-like interaction via the
deflected by a piezolayer deposited on its top face. The teclsurface of the electrodes is much larger than in the vertical
nology to realize such a design has been discussed recenttase. Hence, and according to Figh)s there must be a zero
together with the competition between the piezolever sensief transmission for a given value gqf The T(Eg) variations
tivity and its resonance frequency when the cantilever di-as a function of the &g HOMO-LUMO gap under compres-
mensions are reduced to Oum .23 Here we focus only on sion is presented in Fig. 14 for the arrangement shown in
the electronic characteristics of the planar device shown iffig. 13. There is a smaiD.1 A) increase in the diameter of
Fig. 13. the G cage when the grid apex approacheg i@ a weak
The ESQC technique was used to calculate its sourceattractive van der Waals regime. This explains the small gap
drain tunneling-current intensity as a function of the cantile-increase arounge=1.3 eV. When compression sets ix,
ver apex to surface distanaewhen the cantilever end is and T(Eg) decrease, as expected 8t 0 [see Fig. &)].
positioned vertically above theggmolecule. As done previ- But T(Eg) does not attain zero because in thg @olecule
ously, the mechanics of the junction was optimized using thenore tunnel channels than the HOMO and LUMO ones are
MM2 routine. The source and drain are two gold electrodesctive. Some of the other channels are spectrally rigid and
of 25 atoms each in section, and semi-infinite in one direcmaintain their contribution to the tunnel path. At larger com-
tion. At the junction, each end of the electrode is not flat bufpression, the gap continues to decrease Bfkl) starts to
rather terminated by an apex to optimize the electronic couincrease.
pling between these electrodes and thg, B8OMO and Thely4=f(z) characteristic is presented in Fig. 15. FRor
LUMO manifolds. The two electrodes and thga@olecule  >12.5 A, the residual set current is 7 nA fgg=0.1 V. For
are deposited on a rigid NaCl surface. The interelectrodd0.5<z<12.5 A, the current intensity decreases owing to
distancel is 1.24 nm. This is the optimum distance to obtainthe zero of the transmission effect. For<l#<10.5 A, there
a good electronic contact between the electrodes anddfe Cis a large increase ity for a minute reduction of. This is
molecule, as determined experimentally and bythe signature of a strong level-repulsion effect with a change
calculations’” For Vy4=0.2 V andV,=0 (z>14 A), the  of the Gy HOMO-LUMO gap. In this planar configuration,
calculation yieldd 4= 15 nA for the device shown in Fig. 13. this effect mainly stems from the HOMO manifold split by
The lever end consists of a diamond tip withll) facets, the compression of the cage. For9 A, Cq is so strongly
previously used for the calculation of atomic-force micros-compressed that it escapes from the junction.
copy images? In the range 10.6z<10.5 A, 14 increases exponentially
As described in Sec. IV, a compression of thg, €age  for a smallz variation. An amplification results as in the
results in a strong intra-HOMO and LUMO manifold- vertical STM configuration. In this range, the mechanical
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tensity through the source-to-drain molecular channels. As
the HOMO-LUMO gap is progressively closed, the degree of
delocalization of these evanescent waves increases over the
molecule. This closure comes from an intra-HOMO and
LUMO manifold repulsion effect that turns out to vary ex-
ponentially with the amount of orbital mixing in these mani-
folds introduced by gentle compression of thg €age. This
very efficient valve action results from the way the delocal-
ization of the metal wave on the molecule is controlled. This
is a transistor effect in which the valve action results in the
control of the electron transfer resistance between source and
drain by a third, independent electrode.

A simple model of this transistor effect is a tunnel barrier
whose height is modulated independently of its width and
where its bias voltage remains much lower than the barrier
height for the entire range of the electromechanical grid in

z(A) working operation. The barrier-height modulation has been

introduced by intentionally working in a tunnel transport re-

_ FI.G. 15. Variatio_n of_the drain curreh;. in the sour_ce-g)-drain gime supported by the & molecule. Such a modulation is

junction prese_nted in Fig. 13 as a function C_’f the distance betweeRjticult to obtain in a ballistic transport regime where there
the diamond tip apex and the NaCl surfacaith V,=0.1 V. The i g tynnel barrier, only a channel quantification effect
TeChzn'Cal contact betwien tip apex ang €Lrface occurs &y hich varies in an incremental noncontinuous manner. One
t:aéiy t.hz(zjraiiﬁ:g.givir;gtrt]ﬁecéj;;eonr:eﬁg ﬁg\?vr?r)](gqatglz tkk):iesm- solution to restore a barrier-height va_riation is to rel_y on a
" Schottky effect at the metal-molecule interface. In this case,

line, A andB are the optimal working points of the device, with th I | t b fficiently | ith d
its low- andB its high-impedance state. The inset shows the source- € molecule must be sutnciently long with a very dense

drain Ohmic resistance as a function of the force applied to the C molecular level manifold “ea.r the _Ferml Ieve] of the elec-

cage by the tip grid. From this curve, an “oAY—off (B)” mini- trodes so that a Schottky barrier builds up. This was recently

mum switching energy of 1.2610°1° J is deduced. observed for a single carbon nanotube used as a ballistic
molecular channel. A field-effect transistor was measured

potential energy of the junction increases by 50 kcal/mol. AdVith @ 100-nm-long nanotube. Such a length is required to
shown in Fig. 15, thd «(z) characteristics can almost be Stabilize the band-bending phenomerdiThe fundamental

107 |

1(A)

108 |

100 |

fitted by the exponential size limitation of such a device is the same as that for ulti-
mate field-effect transistors: the channel must be sufficiently
l4(2)=14 (Vp)e ke, (5) long (L>20 nm) to ensure a good barrier formation at both

0

ends®® In contrast, a one-order-of-magnitude shorter channel
wherekc, =7.505 A1 is the level-repulsion sensitivity of length can be obtained by working in a tunnel transport re-
the device. gime using the native tunnel barrier.

Contrary to Eqs(1) and (4), the exponential variation in The price for this size reduc_tion i_s the low inten_sity of the
Eq. (5) is due solely to the intramolecular effect. This is a working tun_nell current. Offsetting thl_s is the beneflt ofav_ery
clear exploitation of the intrinsic property of a molecule to Short transit time of the electrons in the tunneling regime
obtain a gain on the nanoscale. By building an effectivecompared to the ballistic case. Working in the tunneling re-
squared tunnel barrier to model this molecular device, welime also opens up new avenues in terms of integrating more
can control the barrier height by a third electrode, but in athan one device per molecule. Our actual molecular electro-
linear | 4(V,,) regime. This clearly constitutes a transistor ef-meéchanical amp“f'.é'z and transsto’f are discrete devices
fect because the transfer resistance through the effective b4fat may be associated in series or in parallel with an appro-
rier between the source and drain electrodes is controlled bjfiate planar technology. But even more exciting is the pos-
the intrinsic property of molecular channels, themselvess'b_'“ty of integrating multiple de\_/lces in a single molecul_e.
modulable by a third independent mechanical electrodelhiS requires that each subdevice be gated along a single
With a 1 A/10-mV piezoconversion factor, the normalized Molecule rather than electromechanicalyr even electri-
transconductance of this transistor gs=750 V-1 with a cally). In this sense, a “current intensity” gate seems better

small (14 =0.66 nA) prefactor compared to E4) but at adapted for integrated molecular circuits if such a phenom-
V=01 OV enon can be mastered and developed at the nanoscale.
dS_ . .
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